A theoretical foundation is given for the ability of the programmed-probe based aberration targets to measure individual Zernike terms. The optimum targets are inverse Fourier transform of the Zernike terms and this allows the main features of the family of targets to be predicted in advance. Simulation of discretized versions shows an impressive 27% to 36% increase per 0.01 λ of rms aberration in the intensity at the center of the target relative to the clear field intensity. The cross contamination by other targets is about 1/6th as large and it is thus possible to measure spherical aberration independent of focus.
Introduction
Lithography at low k1 and high NA is adversely affected by small residual aberrations in lenses even though Strehl ratios exceed 0.98 [1, 2] . Test targets are needed to act as 'canaries' that are more sensitive than product features as well as to quantify individual aberrations to 0.01 λ rms. An excellent overview of effects of aberrations in projection printing has been given by Brunner [3] and a large number of photoresist based techniques were recently classified by Kirk [4] . Work particularly relevant to the present paper includes focus monitors based on shifts of phase-edge line positions with focus [5] , measurements of localized pupil tilt based on translation of large features projected from a special aperture restricting mask by Litel [6], SEM's of shapes of images of λ/2 phase-dots by Dirksen et al. [7, 8] , and measurements of exposure sensitivity of side-lobe artifacts on halftone mask edges by Hayano, Fukuda and Imai [9] [10] [11] . The programmed-probe based strategy in this paper uses a small (2/3 minimum feature size) square in the center of an exposed target pattern to interact with the side-lobe spillover [12] [13] . The understanding as to how a subresolution feature interacts with the feature is based on the perturbation model for defectfeature interactions [14] [15] [16] . This paper is also similar to the theoretical considerations of Levinson and Schellenberg [17] in that it also asks what constitutes optimum patterns for a given purpose. This paper begins by outlining and presenting the results of a theory of operation of the programmed-probed based aberration targets. Section 3 gives examples of the behavior of theoretically optimum targets that are suitable for distinguishing aberrations that differ only radially across the pupil. Sections 4 and 5 give discretized example targets and use simulation to assess their sensitivity and orthogonality.
Theoretical Model for Optimal Aberration Targets
A generic optical projection printing system consisting of a coherently illuminated mask, a lens and the image (wafer) plane is shown in Figure 1 . The light diffracted by the mask with Cartesian coordinates (x,y) emanates in a diverging spectrum of plane waves toward the lens. The lens acts as a low pass filter that collects only the plane waves that travel at an angle less than its maximum collection angle. The non-ideality of the lens is modeled as a function of pupil coordinates (ρ,θ) as the optical path difference (OPD). The OPD describes the phase error between capturing the plane waves on a mathematical sphere centered at the probe on the mask and then releasing them so that they can reassemble with the correct phase on a sphere centered at the at the image location (x',y') on the wafer. Note that, as depicted in Figure 1 , the plane wave spectrum emanating from the mask is a superposition of electric fields for both a uniform spherical wave front from the sub-resolution probe and a non-uniform plane wave spectrum from the surrounding test target features. These two spectra of plane waves can be considered to be processed independently by the lens to determine their electric field contributions at the wafer. Once their electric field contributions are added the intensity can be calculated as their square assuming that the mask illumination is sufficiently coherent across the test pattern.
A formal integral representation of the electric field at the image (x',y') can be developed following the approach and notation of Born and Wolf [18] . The resulting normalized electric field at the image E Image (x',y') is given by
Here, Φ(ρ,θ) is Optical Path Difference across the pupil, and since Φ(ρ,θ) can contain defocus there is no loss of generality in not including an axial position z. The diffraction spectrum from the mask E Diff (ρ,θ) contains both the probe and test target waves. The limits of integration cover the pupil, which has been normalized to a radius of unity. The parameter k is 2π/λ.
The OPD is assumed to be sufficiently small to make a Taylor series expansion of the exponential phase and keep only the linear term. The target spectrum arriving at the pupil is expanded in a Zernike representation as well. By moving the observation point to the center of the target on the wafer the additional exponential is removed. The orthonormal properties of the Zernike representation are then invoked to eliminate crossterms. The resulting electric field intensity at the center of the target normalized to a clear field of unity is ( )
The extremes of the intensity normalized to a clear field value of unity are
Equations (2) and (3) give physical insight into the interaction of the target with the probe. First, the phase of the probe can be adjusted (π/2 for even aberrations where D T,n,m is real and π for odd aberrations where D T,n,m is imaginary) to make the interaction of the target with the probe co-linear in an additive or a subtractive manner to produce the two extremes of intensity. Second, the perturbation of the intensity is directly proportional to the product of the diffraction from the target and the level of the aberration in the lens.
Due to the completeness and the orthogonality of the Zernike's, the optimum test target for detecting the Z n,m (ρ,θ) aberration is a target E T,n,m (x,y) whose Fourier transform (FT) is Z n,m (ρ,θ) . E T,n,m (x,y) is thus the inverse Fourier transform (IFT) of the assumed pupil distribution D T,n,m Z n,m (ρ,θ). The well known characteristics of the Zernike aberrations, in turn, allow many of the general properties of the test targets to be deduced in advance. For example, the test targets will all have a zero on axis, grow in radius with the radial order and have ripples at a period λ/NA with finite slopes. These follow from the Zernike polynomials having zero pupil weighted area, a number of zero crossings that grows with the radial order, and a bandwidth limit due to the finite pupil size.
Optimum Test Targets as IFT's of Zernike's
An efficient way of developing test targets that address the problem of separating radial aberration effects is to examine the inverse Fourier transforms of the different radial orders of Zernike aberrations. An integration routine was written in MATLAB for this purpose. An intensity plot on a radial cut line is shown in Figure 5 . Again each of the targets has a sizeable null at its center. In this case the electric fields are imaginary and anti-symmetric about the pattern center on the mask. The radius of the bright area increases with the radial order and the interference ripple is again on the order of 0.5λ/NA.
Examples of Discretized Test Targets
Three radial symmetric and two first order rotational test targets were laid out by defocus and higher-order spherical are, in the worst case, only about 1/6 as large. To our knowledge this is the first test target that is both highly sensitive to spherical aberration as well as nearly independent of focus. Figure 8 shows images at the wafer plane of the defocus and spherical targets for three lens quality conditions. The spherical target clearly shows that it is dark at the center with no aberration and remains dark in the presence of defocus. However, when spherical aberration is present a bright dot appears at the center of the target. The defocus target behaves in a similar manner but the change is a little more difficult to visualize due to the high starting peak level at the center of the target. Figure 9 shows images at the wafer plane of the coma and higher-order coma targets for three lens quality conditions. The higher-order coma target clearly shows that it is dark at the center with no aberration and remains dark in the presence of coma. When higher-order coma is present a bright dot appears at the center of the target. The coma target behaves in a similar manner but the change is slightly more difficult to visualize due to the moderate level of the central peak with no aberration.
Summary of Test Target Performance
Three radially symmetric and two first order rotational test targets were systematically tested for sensitivity and orthogonality by observing the change in the on- We propose to quantify aberration levels in lenses by measuring the central intensity peaks of these targets directly with optical detectors or through inspecting photoresist images printed at various exposure doses. Simpler targets may be used in practice with some but not a large loss of sensitivity and orthogonality. Mask making tolerance requirements have been examined for simpler targets elsewhere [13] and are generally within the capability of mask making.
Conclusion
A theoretical foundation has been developed for assessing the performance of programmed-probe based aberration targets. For small aberrations the reference probe alone is, to first order, unaffected by the aberrations and the perturbation of the probe height by a surrounding aberration target is linearly proportional to the level of the aberration. The optimum targets are the inverse Fourier transforms of the individual terms in the Zernike representation. We were surprised to find that many of the properties we were building into the targets by trial and error such as their on-axis null, phase oscillation, and increase in diameter with order followed directly from the transform of the Zernike polynomials. Implementation of these targets as openings with 100% transmission and phases of 0, 90, and 180 were tested by simulating their images at the wafer. The intensity variation of the central node for the five targets studied was impressive at 1/3 of the full clear field intensity per 0.01 λ of rms aberration. The cross contamination by closely related aberrations was about 6 times smaller and it is thus possible to measure spherical aberration while using a single defocus setting.
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